In fetal rat liver in utero, an increase in glycogen and the glycogen synthetic enzyme glycogen synthetase (EC 2.4.1.11) occurs between gestational days 17 and 19. We used an organ culture system for finding the stimulus for increased enzyme activity and defining the relationship of this increase to glycogen synthesis. In fetal-liver explants from an earlier period (gestational day 16), hydrocortisone causes an elevation in total glycogen synthetase activity. This effect, which can be blocked by actinomycin D, is strikingly similar in time course and magnitude to the normal increase in utero. However, in order for glycogen synthesis to proceed after hydrocortisone increases glycogen synthetase levels, insulin is required. Unlike hydrocortisone, insulin does not increase total glycogen synthetase; it appears to act by converting the b or phospho form of synthetase to the a or dephospho form. Insulin alone does not stimulate glycogen synthesis in explants from 16-day fetal liver, although no defect in insulin binding was demonstrable. These findings support the hypothesis that the increase in liver-glycogen synthesis during the last trimester requires glucocorticoids for the developmental induction of glycogen synthetase and insulin for activation of the enzyme.
The glycogen content of fetal rat liver increases greatly during the last few days of gestation (1) . Experiments in utero have shown that adrenal corticosteroids can increase glycogen in fetal liver as early as the 15th day of gestation (2) . Experiments in vitro with term (gestational day 21) fetal-liver explants in organ culture have shown that insulin, but not hydrocortisone, stimulates glycogen synthesis at the end of gestation (3, 4) . We postulated that this difference in the action of hydrocortisone in utero and in organ culture may be explained on the basis of differences in gestational age. The major developmental increase in glycogen and the glycogen synthetic enzyme glycogen synthetase (EC 2.4.1.11) occurs between the 17th and 19th days of fetal life in the rat (5) . It is possible that the effect of hydrocortisone may be fully expressed in term tissue. We therefore studied the action of hydrocortisone and insulin on glycogen metabolism in fetal rat liver explants from day 16 of gestation. At this stage of gestation, hydrocortisone caused an increase in total glycogen synthetase (a+b) that was strikingly similar to the normal induction of the enzyme in utero. Glycogen synthesis, however, required insulin. Unlike glucocorticoids, insulin did not increase total glycogen synthetase (a+b), but appeared to convert the b or phospho form of synthetase to the a or dephospho form. In term fetal liver, total glycogen synthetase had already reached adult levels and was not further increased by hydrocortisone, whereas insulin increased synthetase a and stimulated glycogen synthesis.
The two hormones had distinctly different effects on glycogen synthetase. Glucorticoids stimulated the developmental induction of total glycogen synthetase (a+b), while insulin activated the enzyme. This interaction of insulin and glucocorticoids may account for the appearance of glycogen in developing rat liver.
MATERIALS AND METHODS
Pregnant Osborne-Mendel rats (date of conception known) were obtained from the N1H pathogen-free colony. The methods used for preparation of fetal-liver explants and maintaining them in organ culture have been described (3) . A synthetic medium, BGJB (Fitton-Jackson modification), was used for these experiments; the medium was supplemented with 1 mg/ml of crystalline bovine albumin (Armour Pharmaceutical, Chicago, Ill.) and was at pH 7.4 when fully equilibrated with the gas phase of 95% 02-5% CO2. Hydrocortisone acetate (Calbiochem, Los Angeles, Calif.), 10 (6) . In both assays accumulation of Explants from fetuses (gestational day 16) were cultured for 20 or 60 hr. Experiments with actinomycin D were for 22 hr to permit 2 hr of exposure to the drug before the addition of hydrocortisone. Each entry represents the mean ±SEM of determinations from three separate culture vessels.
14C-labeled glycogen proceeded at a constant rate for 15 min and was proportional to tissue concentration in the range used (20-40 jg of protein per assay). Enzyme activities were measured at saturating concentrations of lJDPglucose. The synthetase unit is that amount of enzyme that incorporates 1 pnmol of [14C]glucose into glycogen per min, and specific activity is reported as units per g of tissue protein. Glycogen was isolated and quantitated as described (3) and referred to tissue-protein content (7).
Biologically active [1251 ]insulin was prepared as described (8) . Explants were cultured in BGJB medium for 18 hr and then transferred to a Tris-buffered Ringer's solution (9) with 2% albumin at pH 7.5, containing 1 ng/ml of [125 ]insulin plus various concentrations of unlabeled insulin or other additions. At the end of the experiment, explants were rinsed in the buffer (40) and the 125I bound was measured. RESULTS In utero, the induction of glycogen synthetase occurs between gestational days 17 and 19. When explants from day 16 of gestation were placed in organ culture, the developmental induction of total glycogen synthetase did not occur spontaneously. The addition of hydrocortisone (0.01-10 1AM) to the medium caused an increase in total glycogen synthetase (a+b); the time course and magnitude of the increase were strinkingly similar to the normal induction in utero (Fig. 1) . The synthetic glucocorticoid, dexamethasone, produced a similar increase in enzyme level whereas pregnenolone or progesterone did not have this effect. The action of hydrocortisone was inhibited by actinomycin D (20 Mtg/ml) ( Table  1) .
Although hydrocortisone stimulated the developmental induction of total glycogen synthetase (a+b) in vitro, the attendant net synthesis of glycogen did not occur. For this, the addition of insulin was required. The glycogen content was not increased in 16-day explants exposed to either hydrocortisone or insulin for 40 hr; however, glycogen content was increased 4-fold in explants exposed to the combination of both hormones for 40 hr (from 4 i 1 to 16 + 2 mg/g of protein). Since we previously showed that insulin caused a rapid and linear increase in glycogen content in term fetal liver (3), we studied the effect of insulin in 16-day explants that first had been exposed to hydrocortisone for 40 hr (Table 2) . Hydrocortisone increased total synthetase (a+b) over 40 hr, but did not increase synthetase a significantly above control levels and did not increase the glycogen content. Insulin, however, increased synthetase a and increased glycogen content in the explants that had been exposed to hydrocortisone. In the explants that had not been exposed to hydrocortisone, insulin did not increase synthetase a and did not stimulate glycogen synthesis.
In term explants, total glycogen synthetase (a+b) levels remained high over 40 hr in culture and were not affected by hydrocortisone. Insulin, but not hydrocortisone, increased synthetase a and stimulated glycogen synthesis ( Table 3) . The glycogen content of term fetal liver is initially 700-1000 mg/g of protein; as previously noted (3), the glycogen content in term explants decreases spontaneously in culture and at 40 hr is usually less than 10 mg/g of protein.
Insulin by itself did not stimulate glycogen synthesis in 16-day explants. The initial step in the action of insulin involves the binding of the hormone to receptor sites of target cells (10) (11) (12) (Fig. 2) ; the inhibition of tracer binding was specific in that it was not inhibited by glucagon, growth hormone, or carboxymethylated A or B chains of insulin (data not shown). Thus, a defect in insulin receptors that could be determined by binding studies did not seem to account for the failure of insulin to act on 16-day explants.
DISCUSSION
The in vitro studies with explants in organ culture suggest that both glucocorticoids and insulin have important roles in the development of glycogen synthesis in fetal liver. Hydrocortisone appears to induce total glycogen synthetase (a+b) in vitro; this action is inhibited by actinomycin D, suggesting that DNA-dependent RNA synthesis in involved. However, the actual net synthesis of glycogen requires insulin. Unlike glucorticoids, insulin does not change total glycogen synthetase (a+b), but appears to act by converting synthetase b to synthetase a.
The action of hydrocortisone on explants from gestational day 16 can be related quite convincingly to the development of glycogen synthetase in utero. The time course and magnitude of the increase in vitro is strikingly similar to the induction in utero. The fetal adrenal cortex begins to secrete glucocorticoids on gestational day 16 or 17 and could therefore provide the natural stimulus for the development of the enzyme (5). Furthermore, Jacquot and Kretchmer (5) showed that fetal hypophysectomy by decapitation early in gestation prevented the normal developmental induction of glycogen synthetase in fetal liver. Hence the induction of glycogen synthetase in utero correlates with the onset of fetal glucocorticoid secretion, and glucocorticoid deprival inhibits the induction.
With respect to a possible role for insulin in utero, it should be noted that the fetal-rat pancreas contains immunoreactive insulin by day 14 of gestation (13) and that insulin concentrations at term are quite high (50-200 MAU/ml) (14) . Thus, plasma insulin concentrations are high at an appropriate time in gestation.
Insulin stimulates glycogen synthesis in term fetal liver, but not in liver from an earlier gestational period (15-16 days). This action correlates with the ability of insulin to increase synthetase a in the absence of any change in total synthetase content. Insulin therefore appears to act by converting the b or phospho-form of synthetase to the a or dephospho form. The regulation of interconversion of enzyme forms by phos- Since glucocorticoids affect the ability of 16-day explants to respond to insulin, glucocorticoids may also be involved in the development of the interconversion system. Another consideration, which adds to the complexity of the system, is that the action of insulin on glycogen synthesis in term tissue is partially inhibited by cycloheximide (3). Thus, the action of insulin may involve protein synthesis, although de novo synthesis of glycogen synthetase does not seem to be involved.
In conclusion, the organ culture system has provided insight into the roles that hydrocortisone and insulin have in the developmental appearance of glycogen in fetal liver. We thank Dr. R. Kahn for communicating data on insulin binding before publication.
